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Understanding and Quantifying Uncertainty isK ey to Accurate and Cog-effective
Testing

Webster’s Collegiate Dictionary defines uncertainty as Qhe quadity or state of being
indefinite, indeterminate, or not reiable: doukt.OCan you imagine acustomer asking your
metrology or test staff if they doult thar measurements? Unfortunady, theanswver must
aways beyes...to an extent. The extent iswha we define as the measurement
uncertainty.

A pefect measurement would obtain thetrue value of a quantity, which isthevaue
condgstent with the definition of a given quantity.* Truevalues are, by nature,
indeeerminae because a peafect measurement cannot be performed. In fact, saysthe
Internationd Organization for Standadization (1S0), it isimpossible to fully describethe
measurand (the quantity to be measured) withoutan infinite amountof information. In
other words thefind corrected result of ameasurement is, at best, an estimate of thetrue
value of the quantity that someoneintended to measure. The measurement uncertainty is
apaameter tha characterizes the dispersion of thevalues tha could reasonably be
attributed to the measurand.

Confudon exigts, even among scientists and engineers, as to the exact meaning of the
terms such as accuracy, precision, and error. The accuracy of measurementisthe
closeness of agreement between theresult of a measurement and atruevalue of the
measurand. The error of measurement is theresult of a measurement minusatruevaue
of themeasurand. As stated above thetruevaueof aquantity cannotbe known;
therefore, accuracy and error cannotbe quantified for a measurement result. Precision is
the closeness of agreement for indgpendent measurements obtained unde stipulated
conditions® Repeatability is the closeness of the agreement between the results of
successive measurements carried out unde the same conditionsof measurement over a
short period of time. Reproducibility isthe closeness of the agreement between the
results of measurements carried outunde changed conditionsof measurement. Precision
may be stated as Qprecision unde repeatability conditiongor (precision unde
reprodudbility conditionsOThese terms (accuracy, error, precision) should not beused to
specify theunaertainty of measurements.

The cog of uncertainty

Uncertainty is significant because it can affect thecog of produdion. A particular qudity
of aprodud must fall within a given tolerance limit to meet a specification. If the produd
qgudity does notfall within thetolerance limit, it is regjected. We make this judgment by

measurement, but to do so effectively, we mug define how close the measured results can



beto thetolerance. Thetolerance interval for themeasured value mus be smaller than
thetolerance of the produd (see figure). Here, the measurement uncertainty plays an
important role. The smaller the uncertainty, the closer the measurement results can
approach thetolerance limit withoutbeng regjected.

Properly undestood, uncertainty can aso provide auseful tool in the planning phase of
produdion. By completing an uncertainty budget (alist of the uncertainty components
and thar respective uncertainty contributions, amanager can immediately determine
which sources of unaertainty contribute most and reduce thelargest sources of
uncertainty by spending money wisdly.

Uncertainty of measurement is becoming increasingly important as manufacturers
implement qudity systems onthe produdionfloor. Qudity standadssuch as1SO 9000
and I SO/IEC 17025require traceability of all measurements and calibrationsperformed
to produds. Thel SO defines traceability as the property of theresult of a measurement or
thevalue of astandad that allows tha standad to berelated to stated references
(generdly nationd or internaiond standads) throughan unbroken chan of comparisons
that possess stated uncertaintiesQ This meanstha there should be a chan of calibration
certificates between theingruments used by the manufacturers and the naiond

standards and al certificates involved mug have uncertainty statements.

QNIST traceableGis acommonly used term, butit does not, in and of itself, guarantee the
lowest uncertainty. If thecalibrationchan istoolongor theintermediate calibrationsare
not of high qudity, theuncertainty may become significantly large much larger than tha
of theNIST scale. However, aslongas an unbroken chan of comparisonswith stated
unaertainties is made, the measurement is consdered traceable to NIST.
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For a product to pass a test, the measured value must exceed the tolerance and the expanded
uncertainty (green area). The expanded uncertainty defines a confidence interval. Due to the
confidence interval, products that are not acceptable will be taken as acceptable (solid red area)
or indeterminate (blue).



NIST is notaregulatory body.lt isthe cusomer@job to request and verify the
calibration chan. A reputable laboratory will providethis information leading back to a
NIST calibrationreport.

Deter mination of Uncertainty

To enaure tha calibration certificates are propealy interpreted by any calibration
laboratory worldwide it is critical tha we state uncertainty values in a uniform manne.
Over theyears, the community has taken many different approaches to evaluaing and
expressing measurement uncertainty. In 1977,thelnternaiond Committee for Weights
and Measures (CIPM, ComitZ Internationd des Poids et Measures), theworld® highest
authority in thefield of metrology, asked thelnternaiond Bureau of Weights and
Measures (BIPM, Bureau Internationd des Poidset Measures), to collaborate with
naiond metrology inditutes to propos a solution to this problem. The Working Group
on the Statement of Uncertainties proposd Recommendaion INC-1 (1980)Expression
of Expeimental Uncertainties. Recommendaion INC-1 (1980)provided only a brief
outline of requirements, so CIPM asked 1 SO to develop a comprehensve guide based on
INC-1.

In 1993,the end result of thework was published as the Guideto the Expression of
Uncertainty in Measurement (GUM).? Minor correctionswere made and it was reprinted
in 1995.Seven internationd organizationssuppoted the devel opment of this doaument,
which has become the definitive authority on uncertainty evaluaion worldwide
Recently, anew internaiond organization, the Joint Committee for Guidesin Metrology
(JCGI\/I4), was formed to assume responsbility for the maintenance and revision of the
GUM.

The GUM describes eight stepsfor the determinaion of measurement uncertainty. Step 1
isto write a measurement equaion for the measurand. A measurement equaionis
expressed as amathematical fundion Y = f{X1,E ,X,) tha represents the process tha is
used to determinetheresult of a measurement and its assodiated standard uncertainty.”
Thequantities X; are notonly parameters for physcal laws but can indudecorrections
and other quantities that accountfor sources of variability. Often, the correctionshave a
magnitudeof oneand do nat affect thevalue of theresult but possessinhaent
unaertainty. For example, atest method may state the temperature mug be25.0%. If the
temperature at thetime of measurement is 25.0% with an uncertainty of 0.5%z, the
uncertainty of 0.5%z contributes to the overall uncertainty of the measurement result. In
many situations defining al of the parameters tha indirectly affect ameasurementisthe
mog difficult step. Step 2 isto determineall of the inputquantities x;, the estimated
values of X;, based on statistical andysis of a series of measurements or by other means

Step 3 isto deerminethestandad uncertainty, u(x;), assodated with each estimate x;.
The GUM categorizes components of uncertainty by the methodsused to evaluae them.
TypeA evaudionis based on gtatistical andysis of a series of observations An
uncertainty component obtained by a Type A evaluaionis a statistically estimated
standard deviation s;. Thestandad uncertainty fora Type A evaluaionisu(x;) =s;. Type
B evaluaionis based on meansothe than gtatistical andysis; that is, scientific judgnent



usngdl relevant information, induding previousmeasurement daa, previous
experience, manufacture® specifications and datain calibration reports. Typically Type
B evaluaionsare based on probability distributions such as a uniform distribution on
someinterval [a, b]. Specification of a uniform distribution, requires information on the
uppe and lower boundsonly. We can determinethe mean and standard deviation of a
uniform distribution and other probability distribuionsusng moment-generating
fundions A uniform distribution, for example, hasamean! and a standard deviation o
of
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In this case, theestimate equds the mean, x; = i and the standard uncertainty equdsthe
standad deviation, u(x;) = ! . For afurther discussion of common probability
distributionsfor Type B evauation, see the GUM.

Step 4 isto evaluate the correlation codficient for all pars of estimates. Two quantities
are correlated when they are affected by a common quentity. For example, when
luminousintendty of alamp is measured with a photometer, thelamp current and color
temperature are quantities of the measurement equaion. The current and color
temperature are correlated because as the current increases so does the color temperature.
Anothe example of correlationis measuring alength standard with four NIST calibrated
meter sticks. If correlationisignored, the calibrated length standard would appear to
have an uncertainty hdf that of themeter sticks. In redlity, the uncertainty would barely
decrease because the four calibrated ingruments have a strong correlation because ther
calibrationis based onthesame unit realization. Thecorrelation coeficient, 7(x;,xj), is
the covaiance divided by the standad deviation of thetwo quantities. The correlation
coefficient hasarangeof -1 to +1, and can reduce or enlarge the combined standard
uncertainty. Thevaue of the correlation codficient can befoundby additiond statistical
andysis as presented in the GUM.

Step 5 is calculating theresult of measurement y for Y from the measurement equaion
usng the estimates x; for theinputquantities X;. Thus y = f(x;,E ,x,).

Step 6 is determining the combined standard uncertainty uc(y). Thecombined standad
uncertainty isthe estimated standad deviation for the measurand which is the postive
square root of the estimated variance uc*(y). Thevariance is approximated by afirst order
Taylor series of the measurement equaion abouty. The Taylor series approximation
givesthelaw of propagation of uncertainty:
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A patid derivative of Y with respect to X; is called the sengtivity codficient. The
sengtivity codficient can be determined experimentaly if the exact fundiond relation
cannotbe expressed in a closed form.

Step 7 isto give an expandad uncertainty U, which defines an interval [y + Ulaboutthe
measurement result y tha encompasses alarge fraction of the distribution of values tha
could reasonably be attributed to themeasurand. Standard uncertainty is conveted to
expandal uncertainty by multiplying a coveragefactor, k. Thecoveragefactor is selected
onthebasis of thelevel of confidence or coverage probability required. Thelevel of
confidence dependson thedistribution for Y represented by y and uc(y) and the coverage
factor k. If thedistributionis nomal and £ = 2, thecoverage probability is95% If the
distributionis uniform and k£ = 2, the coverage probability is 100% Theminimum
coverage probability with £ = 2 for any distribution tha has an expected value of y and
standad deviation of uc(y) is 75%> NIST pdicy on expression of uncertainty states the
valueof k£ to beused intheNIST calibration services for calculating U is, by convention,
k=2.

Step 8 isto report theresult of measurement y along with its combined standard
unaertainty uc(y) or expanded uncertainty U and describe how y, uc(y), and U were
obtained.

Traceability to a standad is not sufficient to guarantee an effective measurement. To
achieve meaningful results withoutincurring undie cog, it isimporntant to undestand
uncertainty, know your calibration chan, and plan an efficient testing process.
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